Concern over the integrity of the stratospheric ozone layer has focused attention on the transport of halogenated substances into the atmosphere from both natural and anthropogenic sources. Initial attention was drawn to the unreactive chlorofluorocarbons, which have long atmospheric residence times (29) . These anthropogenic substances are now banned from usage under the auspices of the Montreal Protocol. However, other, more reactive, halocarbons also enter the stratosphere and contribute to ozone degradation. Methyl iodide (MeI), methyl chloride (MeCl), and methyl bromide (MeBr) are monohalogenated methanes which originate from a combination of anthropogenic and natural sources (3, 15, 18, 21) . Of these methyl halides, MeBr has the highest ozone degradation potential owing to the high reactivity of Br with O 3 , as well as MeBr's relatively long atmospheric residence time (ϳ0.8 year) when compared with those of other brominated methanes or methyl halides (35, 36, 38, 47) . In addition to its oxidation by tropospheric OH radicals (25) , other biogeochemical sinks for MeBr include its dissolution from the atmosphere into the oceans, where it is destroyed by chemical and/or biological processes (12, 21, 48) , and its consumption by bacteria in soils (16, 37, 38) . Methyl halide-oxidizing bacteria have been isolated from soils (5, 9, 28) , from seawater (12) , and, most recently, from forest leaf litter (7) .
The largest anthropogenic use of MeBr is as a preplanting, biocidal agricultural fumigant. Lesser amounts are used in the preservation of structures, for the storage of grains, and to prevent the unintended importation of biological pests (2) . Continued international use of MeBr will be constrained and eventually eliminated by the year 2010 under the auspices of the Montreal Protocol (41) . However, technologies which drastically reduce the emissions of MeBr to the atmosphere are being pursued in the hope of finding ways to continue employing MeBr as a preplanting fumigant without endangering the ozone layer. Proposed emission controls include improved physical constraints, such as use of impermeable tarps to cover fumigated fields (44) , and bacterial oxidation of the injected MeBr (5) .
The facultative methylotroph strain IMB-1 was isolated from fumigated soil and is a member of the alpha subgroup of the class Proteobacteria. It is able to grow on methyl halides, methylated amines, and non-C 1 compounds such as glucose, acetate, and pyruvate (5, 28) . MeBr oxidation in soils is greatly enhanced by addition of these cells to the soils, and it was also noted that oxidation is faster with cells grown on MeBr than with cells grown on glucose (5) . Cells grown on methyl halides as well as on non-C 1 compounds (e.g., glucose) have the capacity to oxidize [ 14 C]MeBr to 14 CO 2 , but it was not clear whether the enzymes responsible for methyl halide oxidation were inducible or constitutive. Previous work by Connell Hancock et al. (5) suggested that the enzyme for methyl halide oxidation was constitutive. The issue of inducibility is of considerable practical value because it is far easier to grow cells to high density on glucose than on toxic methyl halides.
In this paper we report on further aspects of the physiology and substrate affinities of strain IMB-1. Our results indicate that it has a constitutive methyl halide oxidation system capable of degrading low (nanomolar) levels of MeBr, MeCl, and MeI, and we report the different substrate affinities (K s ) for these substances. Induction of methyl halide oxidation at high (micromolar) concentrations occurs rapidly, a factor which has considerable practical significance for its mass culture.
MATERIALS AND METHODS
Cell suspension experiments. Strain IMB-1 was grown in the mineral salts medium of Doronina et al. (9) , which consisted of the following (in grams per liter): KH 2 PO 4 (2.0), (NH 4 ) 2 SO 4 (2.0), MgSO 4 ⅐ 7H 2 O (0.125), and FeSO 4 ⅐ 7H 2 O (0.002) plus 1.0 ml of SL-10 trace minerals (45) . Growth substrates included the following: glucose (30 mM), Na acetate (10 mM), and monomethylamine (15 mM). Growth on MeCl or MeBr was achieved by sterile, pulsed additions of the individual methyl halides (typically 250 M per pulse, for a cumulative concentration of ϳ1 mM over the incubation) to the medium during growth in order to avoid the toxicity associated with high initial concentrations (5, 28) . Cells were grown in the dark at 22°C with constant rotary shaking (200 rpm). Aerobic growth on methyl halides was tested in crimp-sealed vessels which consisted of either 25-ml "Balch"-type test tubes (10 ml of medium) or serum bottles, ranging from 159 ml (70 ml of medium) to 1 liter (500 ml of medium). Growth on the nonvolatile substrates was tested either in test tubes (see above) or in 500-or 1,000-ml conical flasks which contained 250 or 500 ml of medium. Flasks were sealed with sterile cotton plugs to facilitate aeration.
Cells were harvested during late exponential phase and washed twice with medium lacking substrates, trace elements, and (NH 4 ) 2 SO 4 . Washed cell suspensions (20 ml) were placed in serum bottles and air sealed with butyl rubber stoppers (5) . Either concentrated or diluted cell suspensions were used, with densities ranging from 3.3 ϫ 10 5 to 3.4 ϫ 10 9 cells/ml as determined by acridine orange direct counting (17) . The coefficient of variation for bacterial counts per field was typically 10 to 30%. Low cell densities were obtained by diluting cultures with the mineral salts medium described above in order to slow down the kinetic experiments so that accurate methyl halide uptake data could be obtained (see below). High cell densities were employed in the inhibitor and 14 C-substrate experiments.
The effect of various methyl halides upon the consumption of MeBr by MeBrgrown cells was investigated by resuspending the washed cells in 57-ml serum bottles which were crimp-sealed under air and injected with ϳ0.4 mM MeBr plus various concentrations (see Results) of MeCl, MeI, or methyl fluoride (MeF). The reverse experiment, namely the effect of MeBr upon the consumption of MeCl, was also performed. The effect of other halogenated methanes, including difluoromethane (DFM), dichloromethane (DCM), and dibromomethane (DBM), on consumption of MeBr was also tested. The effect of 1, 5, and 20 M propyl iodide (PpyI) on uptake of 70 M MeBr in the dark was examined by injecting the PpyI into cell suspensions which were actively consuming MeBr. All liquid halocarbons (MeI, PpyI, DBM, DCM) were added either "neat" or as dilutions made in deionized water in sealed vials which lacked a gas phase to prevent phase partitioning. The effect of chloramphenicol (20 or 250 g/ml) on uptake of MeBr, MeCl, or MeI by cells grown on glucose, acetate, monomethylamine, MeCl, or MeBr was investigated with washed cell suspensions in order to determine whether methyl halide oxidation required de novo protein synthesis.
Kinetic experiments were conducted on MeBr-grown cells in an effort to determine the Michaelis-Menten parameters associated with the oxidation of MeBr, MeCl, and MeI. Washed cell suspensions were diluted by a factor of ϳ100 for MeBr and MeI in an effort to slow the reactions. No dilution was needed for MeCl. Because of the frequent sampling of the gas phase, it was necessary to conduct these experiments with larger-volume serum bottles (119 or 159 ml). Rates of methyl halide degradation were determined by using a least-squares linear fit and were normalized to cell number. Kinetic parameters were calculated by a nonlinear least-squares fit to the Michaelis-Menten equation (S-Plus v4.5 software). Apparent first-order rate constants were calculated from the following equation:
Experiments with 14 C-labeled substrates. Glucose-grown cells were divided into two equal portions; one was exposed to 18 M MeBr for 6 h, and one was not. Cells were harvested and washed, and cell suspensions (3 ml) were placed into 13-ml serum bottles, which were crimp-sealed. The following 14 C-labeled substrates were employed:
14 C-MeBr (0.65 Ci added; NEN, Boston, Mass.) (specific activity [sp. act.] ϭ 49 mCi/mmol; purity ϭ 99.9%), 14 C-methanol (0.45 Ci added; Sigma Chemicals Inc., St. Louis, Mo.) (sp. act. ϭ 61.2 mCi/mmol; purity Ն98%), Na [
14 C]formaldehyde (0.43 Ci added; NEN) (sp. act. ϭ 53 mCi/mmol). Substrates were injected, and the suspensions were allowed to incubate at 22°C in darkness for 7 or 15 min. Final concentrations of the radioisotopes were equivalent to 2.7 (Ϯ0.1) M for the various substrates. The incubation was halted by acidification (0.25 ml of 6 N HCl), driving mineralized carbon to CO 2 . Transfer of 14 CO 2 to the gas phase was facilitated by shaking samples for 20 h (5).
Analytical. Halocarbon concentrations were determined by syringe sampling of the gas phase of sealed vessels followed by gas chromatography using either a flame ionization or a 63 Ni-electron capture detector (12, 28) . Dissolved halocarbon concentrations were calculated with dimensionless Henry's Law coefficients (K H ) for distilled water applied to a gas/liquid phase volume partitioning equation (33) . Only concentrations of dissolved halocarbons are given in the figures in this paper, and they do not include the amount of material present in the gas phase. K H values used were as follows: MeBr, 0.24; MeCl, 0.36; MeI, 0.20; MeF, 0.70; DFM, 1.28; DCM, 0.09; and DBM, 0.03 (1, 13, 19, 27, 40, 46) . The 14 CO 2 concentration in the headspace of acidified serum vials was determined by gas chromatography in series with gas proportional counting (8) . The iodide concentration was determined by ion chromatography (5).
RESULTS
Glucose-grown cells demonstrated an 8-h lag before uptake of 650 M MeBr was noted (Fig. 1) . No uptake occurred in the control, which consisted of a medium blank. In contrast, cells growing on glucose which had been exposed overnight to ϳ440 M MeBr prior to washing immediately consumed MeBr. Consumption of ϳ350 M MeBr also lagged 6 to 8 h for cells grown on acetate ( Fig. 2A) , monomethylamine ( Fig. 2B ), or glucose (Fig. 2C) . No significant removal of MeBr was observed for cells which were grown on glucose, acetate, or methylamine and then exposed to chloramphenicol (20 g/ml) prior to injection of MeBr. Chloramphenicol did not affect consumption of MeBr by cells grown on either MeBr or MeCl. Chloramphenicol also did not affect consumption of MeCl (400 M) or MeI (40 M and 300 M) by cells grown on MeBr (data not shown).
Consumption of MeBr occurred more rapidly at lower MeBr concentrations. For example, injection of MeBr into cells growing on glucose resulted in the complete consumption of 100 nM MeBr within 1.5 h, and in another experiment 7 nM MeBr was consumed within 2 h (data not shown). These cell lines had been taken through four previous growth transfers on glucose without exposure to MeBr, and so there was no possibility of a spurious induction associated with the transfer of the culture. We next examined the effects of chloramphenicol upon the consumption of comparably low concentrations of MeBr (13 to 18 nM) by glucose-grown cells. Consumption of 18 nM MeBr was immediate in uninhibited cells, while cells incubated with chloramphenicol at 250 g/ml demonstrated only a partial inhibition, as seen in the form of slower MeBr removal rates (Fig. 3) . The inhibition of the rate of MeBr consumption by cells increased with the duration of prior exposure to chloramphenicol. Thus, cells with only 2 h of prior exposure demonstrated a rate that was only ϳ23% that of the uninhibited cells, while those with 21 h of prior exposure had a rate that was only ϳ12% that of the uninhibited cells. When the experiment was repeated with only 20 g of chloramphenicol per ml, the short preexposure time (0.2 h) had no effect, while a partial inhibition occurred with the longer (17 h) preexposure (data not shown). Cumulatively, these results suggest that cells contain a constitutive MeBr oxidase which will degrade low levels (e.g., 18 nM) of this substance but that the enzyme responsible for significant consumption of Ͼ100 M MeBr requires induction.
To test this hypothesis, we conducted an experiment with glucose-grown cells which had been exposed to either 20 nM MeBr or 100 M MeBr. After consumption of the MeBr, cells were washed and divided into two fractions. One fraction contained chloramphenicol (250 g/ml), and the other did not.
The results are shown in Fig. 4 . No consumption of ϳ450 M MeBr occurred in chloramphenicol-inhibited cells that had either no prior exposure to MeBr or ϳ1 h prior exposure to 20 nM MeBr. Equivalent MeBr consumption rates were displayed by the uninhibited cells. However, cells which had been exposed to ϳ100 M MeBr demonstrated immediate uptake of the 450 M MeBr and faster consumption rates as compared with the conditions described above. Chloramphenicol-inhibited controls in the latter case demonstrated an initial uptake rate which was comparable to the uninhibited rate, but after 6 h of incubation the rate declined, probably due to the lack of replacement of the enzyme. Neither MeF nor DFM proved inhibitory to MeBr consumption, even when it was added at high dissolved concentrations (Fig. 5 ). DBM and DCM had no effect on MeBr consumption (data not shown). In contrast to the results described above, MeI inhibited MeBr consumption (Fig. 6 ). Partial inhibition of MeBr consumption was initially observed at 270 M MeI, equivalent to a rate of ϳ17 pmol of MeBr ⅐ 10 6 cells Ϫ1 ⅐ h Ϫ1 (Fig. 6A ). MeI and MeBr consumption occurred simultaneously (Fig. 6B) . After the supply of MeI was exhausted, the rate of MeBr consumption increased by 3.2-fold, but it still was not as rapid as in the uninhibited samples (106 pmol of MeBr ⅐ 10 6 cells Ϫ1 ⅐ h Ϫ1 ). MeBr and MeI consumption were completely inhibited at higher concentrations of MeI (Ͼ600 M).
No inhibition of 400 M MeBr uptake was observed at applied concentrations of 130, 350, and 750 M MeCl, and only partial inhibition (19 to 30%) of MeBr consumption occurred at higher MeCl concentrations (Ͼ3.3 mM [data not shown]). We then examined the inhibition of the consumption of 400 M MeCl by 120 or 430 M MeBr. For the first 8 h of incubation, no MeCl consumption occurred at these concentrations of MeBr, during which time the cells preferentially consumed the MeBr. Controls incubated without MeBr immediately consumed MeCl (data not shown). After all the MeBr was consumed in the inhibited samples, rates of MeCl consumption were comparable to those of the controls.
The results of the kinetic experiments with MeI, MeBr, and MeCl are shown in Fig. 7A, B, A balance was achieved between the amount of bromide (11.4 mol/bottle) or iodide (7.7 mol/bottle) recovered and the amount of MeBr (11.9 mol/bottle) or MeI (7.8 mol/ (5) reported recovery of only ϳ33% of the MeI consumed as iodide accumulated in the growth medium of IMB-1. We attribute this disparity to the types of standards used to calibrate MeI by gas chromatography with syringe injection. Connell Hancock et al. (5) assumed that 100% volatilization of MeI occurred in sealed serum bottles, which in retrospect, did not occur. In this study, we injected MeI into sealed serum bottles which contained sterile aqueous medium, followed by injection of vapor-phase samples into the gas chromatograph. Because we now accounted for the partitioning between the gas and liquid phases by using Henry's Law, we achieved ϳ98% recovery of iodide from MeI.
DISCUSSION
The global atmospheric budget for methyl halides is complicated by the fact that there exist both natural and anthropogenic sources for their supply to the troposphere, as well as several identified sinks for their removal from that reservoir. In the case of MeBr, an important tropospheric sink is its biological degradation in the oceans and in soils (20, 25, 28) . The most recent estimate for the tropospheric residence time of MeBr is ϳ0.8 year, based on calculation of its annual degradation rate in the oceans and soils plus its reaction with hydroxyl radicals (47) . With regard to possible microbiological sinks for MeBr oxidation, attention was drawn to methanotrophs and ammonium-oxidizing nitrifiers because of the wellestablished capacities of their monooxygenases to oxidize analogs of methane, including MeBr (16, 32, 34) .
Soil experiments, however, have indicated that microorganisms other than methanotrophs are responsible for part (32) or all (16, 28) of the observed MeBr degradation occurring therein. The ability to grow on MeCl displayed by aerobic, non-methane-utilizing, facultative methylotrophs of the genera Hyphomicrobium and Methylobacterium (9) suggested the possibility that these or similar organisms may oxidize MeBr as well. The bacterium investigated here, strain IMB-1, was isolated from fumigated agricultural soil by using MeBr as a sole source of carbon and energy (28) . This bacterium can grow on MeI, MeCl, and methylamines. It does not grow on formaldehyde or methanol (5), but it can oxidize these compounds ( Table 1) . Metabolism of MeBr and MeI was reported for the facultative methylotroph Methylobacterium sp. strain CM4 (42), as well as for the recently isolated strain CC 495, which is closely related to strain IMB-1 (7). In addition, the methanesulfonate-degrading methylotrophs Methylosulfomonas methylovora and Marinosulfonomonas methylotropha (18) can also oxidize MeBr (30) , as can other marine methylotrophs (12) . It appears that various facultative methylotrophs from diverse clades within the alpha subgroup of the class Proteobacteria have the ability to oxidize MeBr and may therefore be important agents in the global biogeochemical cycling of methyl halides.
Consumption of high levels of MeBr (Ͼ100 M) required induction in cells grown on glucose, methylamine, or acetate ( Fig. 1 and 2 ), which suggests that strain IMB-1 survives by metabolizing substrates other than methyl halides. However, we also noted that at low MeBr concentrations (ϳ20 nM) there was constitutive consumption of MeBr (Fig. 3 and 4) . A preliminary communication establishes that strain IMB-1 can readily consume as little as 12 parts of MeBr per trillion by volume, which is comparable to its tropospheric mixing ratio (11) . Clearly, IMB-1 has a constitutive ability to consume FIG. 7 . Results of methyl halide Michaelis-Menten kinetic experiments for consumption of MeI (A) (average cell density ϭ 5.3 ϫ 10 6 cells/ml; n ϭ 3 experiments), MeBr (B) (average cell density ϭ 9.6 ϫ 10 5 cells/ml; n ϭ 3 experiments), and MeCl (C) (6.0 ϫ 10 7 cells/ml; n ϭ 1 experiment) by cell suspensions of strain IMB-1. (Table 1) . Previously, we had reported that the enzyme(s) for MeBr oxidation appeared to be constitutive based on the observation of oxidation of [
14 C]MeBr to 14 CO 2 over a Ͼ2-h incubation period (5) . In retrospect, this incubation time was probably sufficient to allow for induction of the enzyme(s) responsible for oxidation of micromolar amounts of MeBr. These results suggest that this organism can rapidly exploit MeBr as a carbon and energy source either when it is released at low concentrations into the local soil environment by fungi (15) or plants (10) or when it is injected at high concentrations into soils as a fumigant (28) .
Bacterial populations in soils can consume MeBr at its ambient tropospheric mixing level of ϳ10 parts per trillion (16, 38) . It is unlikely that microbes can achieve any physiological benefit in terms of its energy balance or growth capacity by metabolizing such low concentrations (6) , but nonetheless these observations have significance to the global cycling of MeBr. Very recent results with strain IMB-1 have revealed that it is capable of rapid consumption of ambient levels of MeBr (ϳ12 parts per trillion), thereby making it a good model to explain the consumption phenomenon observed for soils (11) .
Consumption of MeBr by cell suspensions of strain IMB-1 was not inhibited by MeF or DFM (Fig. 5) . These fluorinated compounds are employed as inhibitors of methane-oxidizing bacteria (24, 28, 31) , so these results underscore specificity with regard to that target group. The methane monooxygenase of Methylococcus capsulatus can oxidize MeF when it is supplied at less than fully inhibitory levels (24, 31) . However, MeF was neither inhibited nor consumed by strain IMB-1, which illustrates the enzymatic differences between IMB-1 and methanotrophs with regard to methyl halide degradation. Furthermore, MeI, MeCl, and MeBr serve as sources of energy and carbon for strain IMB-1 to achieve growth, but methyl halides are cometabolized by methanotrophs. In addition, strain IMB-1 can oxidize MeI, MeCl, and MeBr but not MeF, whereas M. capsulatus can oxidize MeF, MeCl, and MeBr but not MeI (4, 26, 39) . Finally, methane monooxygenases are nonspecific dehalogenators (14) . However, the enzyme system of strain IMB-1 is specific for methyl halides because DBM and DCM were neither inhibitory nor consumed.
Certain marine methylotrophs have also demonstrated growth on specific brominated methanes. For example, one culture oxidized MeBr but not DBM, while a second culture oxidized DBM but not MeBr or DCM (12) . This suggests that the enzymes responsible for the metabolism of brominated methanes by marine methylotrophs are highly specific. Chloropicrin (trichloronitromethane ["tear gas"]) is used in conjunction with MeBr to fumigate agricultural fields. Although chloropicrin is a C 1 compound which inhibits MeBr oxidation by strain IMB-1 (5), its mode of inhibition probably does not involve the enzyme(s) used for methyl halide oxidation because it also inhibits growth on glucose, acetate, and monomethylamine (5) .
The only tested substances that inhibited MeBr consumption were MeI (Fig. 6) and MeCl. Because strain IMB-1 grows on all three methyl halides (5), their metabolism is likely served by a common enzyme system and therefore the observed inhibition was of a competitive nature. The fact that chloramphenicol was unable to block MeCl consumption by MeBr-grown cells (and vice versa) gives further evidence for this interpretation. However, MeI was a far more potent inhibitor of MeBr consumption than was MeCl. This result follows the order of chemical reactivity: MeI Ͼ MeBr Ͼ MeCl. It also indicates that the enzyme(s) involved in the methyl halide oxidation has different affinities for MeI, MeBr, and MeCl. Indeed, this supposition is borne out by the results of our kinetic studies for whole cells (Fig. 7) . It is curious, however, that the lowest K s value was for MeBr, while MeI exhibited the highest V max . It is not clear whether these results can be attributed entirely to the higher chemical reactivity of MeI or to the fact that we selected for an organism with a high affinity for MeBr because we used MeBr as a sole source of carbon and energy to achieve isolation of strain IMB-1 (28), whereas isolation of other methylotrophs employed MeCl (7, 9) . It would therefore be of interest to examine the kinetic parameters of these methylotrophs regarding MeBr and MeI as well as MeCl.
The fact that no inhibition of MeBr consumption was achieved during dark incubation with PypI indicates the lack of involvement of cobalamin compounds (23) . This rules out the possibility of a B 12 -mediated methyltransferase reaction occurring in the oxidation pathway, although methyl transfers can still be achieved by other means (e.g., glutathione-S-transferase) and followed by a dehydrogenase reaction (43) . Vannelli et al. (42) found a pathway for aerobic MeCl oxidation in Methylobacterium sp. strain CM4 that involves a corrinoiddependent methyltransferase system, which also was discovered independently in strain CC 495 (7). However, PpyI does not necessarily inhibit all cobalamin-mediated reactions, including the methyltransferase of strain CC 495 (7), which leaves the possibility open for a cobamide-mediated reaction in strain IMB-1. The fact that we observed generally low levels of [ 14 C]methanol oxidation in MeBr-induced cells (Table 1) argues against the presence of a hydrolase pathway that converts MeBr to methanol plus HBr. Thus, either a monooxygenase or a combination of methyltransferase and dehydrogenase reactions is still a possible pathway for strain IMB-1 (43) .
Application of suspensions of strain IMB-1 to the surface of soils has been proposed as a means to reduce outward emissions of MeBr to the atmosphere from fumigated fields (5) . However, use of MeBr as a growth substrate for mass culture of IMB-1 is impractical because of the possibility of exposure of workers to this gas, as well as the poor growth yields achieved on MeBr (5). Although the enzyme system for oxidation of fumigation levels (i.e., micromolar) of methyl halides requires induction, this can be readily achieved by exposure of harvested cell suspensions to micromolar concentrations of MeBr for several hours. Hence, cells can be grown to high densities on substrates like glucose, harvested, and exposed to MeBr for a relatively short time period in order to induce the methyl halide oxidation enzyme(s) prior to spreading the suspensions on soils. This strategy circumvents growing IMB-1 on methyl halides in order to achieve high levels of MeBr oxidation. It remains to be determined whether this strategy will prove effective in reducing MeBr emissions from fumigated fields.
